Human parainfluenza virus type 3 (HPIV-3) is an enveloped, single-stranded, negative-sense RNA virus within the family of Paramyxoviridae that infects lower respiratory tract epithelial cells of children to cause diseases such as bronchiolitis, pneumonia, and croup (4) . Since HPIV-3 is an airborne pathogen, the lung epithelial cells of the respiratory tract are the initial target of HPIV-3 infection (4). Epithelial cells line the major cavities of the body, functioning in selective secretion and adsorption and providing a barrier to the external environment (5, 21) . These cells are highly polarized since the plasma membranes of these cells are divided into two discrete domains, namely, the apical domain (facing the luminal side) and the basolateral domain (facing the systemic circulation). Moreover, these two separate plasma membrane domains have distinct protein and lipid compositions. Specialized complexes termed tight junctions serve to preserve these domains and prevent the mixing of components between them. The tight junctions are also involved in the formation of a monolayer of tightly adherent cells.
Many viruses bind, internalize, and bud from polarized epithelial cells in culture either asymmetrically or symmetrically, with potential implications for viral pathogenesis. Among the Paramyxoviridae family, while Sendai (23) and respiratory syncytial viruses (20) are exclusively internalized and released from the apical pole, measles virus entering the epithelial cells from the apical domain is released bidirectionally from both the apical and basolateral domains (2) .
Since HPIV-3 is a pathogen of major clinical importance which naturally infects the respiratory epithelium, we have examined HPIV-3 infection in cultured human lung polarized epithelial A549 cells to determine the polarity of virus binding, internalization, and budding and the role of intact actin microfilament and microtubule networks during these events.
HPIV-3-susceptible human respiratory epithelial A549 cells are lung adenocarcinoma cells that have been routinely used as a model of type II alveolar epithelial cells (26) . Moreover, when these cells are grown on porous membrane filter supports, they form polarized monolayers with high transepithelial resistance, a measure of the tightness of cell monolayers (1) . The use of a filter insert allows selective inoculation or isolation of viruses either from the apical (upper chamber) or the basolateral (lower chamber) domain.
In order to test the polarity of HPIV-3 infection, [ 35 S]methionine-labeled HPIV-3 ( 35 S-HPIV-3) (multiplicity of infection [MOI], 1) was added either to the apical or the basolateral chamber of A549 cells grown on filter inserts (Millipore; MCE membrane, 0.45-M pore size) that were preincubated at 4°C for 1 h. For the binding experiment, the chilled cells were incubated with the virus for 1.5 h at 4°C. This temperature allows virus binding to the cell surface in the absence of internalization. For the virus internalization assay, following cell surface binding of the virus at 4°C for 1.5 h, the cells were washed with phosphate-buffered saline (PBS) and were further incubated with fresh media at 37°C for 3 h to allow internalization of cell surface-bound virus. Following 3 h of incubation, cells were washed twice with PBS and trypsinized for 15 min at 37°C to remove cell surface-attached virus. The protease activity was neutralized with complete Dulbecco modified Eagle medium, and the cells were washed twice with PBS. Washed cells were then lysed, and the lysate radioactivity representing the internalized 35 S-HPIV-3 was counted. The results from these experiments (Fig. 1) revealed that HPIV-3 infection proceeded much more efficiently following inoculation of the apical surface of polarized A549 cells. Binding (Fig. 1A) and internalization (Fig. 1B) of HPIV-3 from the apical domain of polarized cells were sixfold higher than those from the basolateral domain. However, it has been reported that the total surface area of the apical plasma membrane of polarized epi-thelial MDCK cells is fourfold lower than that of the basolateral cell membrane (25) . Assuming this is true for A549 cells, the efficiency of virus entry from the apical surface would be 24-fold higher than that from the basolateral domain. Nevertheless, it is interesting to note that, although HPIV-3 infection in humans occurs from the luminal (apical) surface, our results suggest that basolaterally presented virus is also capable of binding and internalization from that domain, although at a lower efficiency. To further confirm the accessibility of the basolateral membrane to HPIV-3, A549 cells were seeded onto inverted filter inserts and, following overnight attachment of the cells, the filters were placed upright in 12-well culture plates, thus orienting the basolateral side of the monolayer upward as described previously (9) . In this orientation, the binding and internalization of HPIV-3 added either to the upper (basolateral) or the lower (apical) chamber were similar to the basolateral and apical binding and internalization of HPIV-3 to the cells that were grown normally on the filters, with upper and lower chambers representing apical and basolateral sides, respectively. Under normal cell seeding conditions, where the upper chamber represents the apical side, binding and internalization of 35 S-labeled vesicular stomatitis virus (VSV) were restricted to the basolateral domains of A549 cells (data not shown) as previously reported for other polarized epithelial cells (13, 15, 24) . Thus, from the above results it appears that HPIV-3 binds and internalizes preferentially through the apical-membrane domains of polarized A549 cells.
In order to examine the polarity of HPIV-3 budding, virus (MOI, 1) was added either to the apical or basolateral surfaces. At 24 h postinfection, the culture supernatants collected either from the apical or basolateral chamber were analyzed for infectious progeny virus by a plaque assay as described earlier (7, 14) . At 24 h postinfection and during extended postinfection time periods (24 to 72 h), there was no change in the transepithelial resistance of virus-infected cells compared to that of the mock-infected cells, suggesting that HPIV-3 infection does not disturb the integrity of polarized monolayers. Moreover, the apical-to-basolateral permeability and diffusion rate of fluid-phase markers added to the apical (upper) chamber remained unaltered in HPIV-3-infected cells (at 24, 48, and 72 h postinfection) compared to those in the mock-infected cells (data not shown). This result suggests that HPIV-3 infection of A549 cells does not lead to the disruption of the integrity of the polarized monolayer. In addition, infection of an A549 monolayer with VSV from the basolateral side resulted in preferential release of the virus from the basolateral domain (data not shown) as previously described (13, 24) . In contrast to what was found for VSV, our results ( Fig. 2A) demonstrate that newly replicated HPIV-3 particles are released during apical or basolateral infection of polarized A549 cells almost exclusively through the apical surface. The number of HPIV-3 progeny virions released from the apical surface (virus presented either apically or basolaterally) was sevenfold higher than the number released from the basolateral surface. Moreover, the ratios of apical to basolateral HPIV-3 release at 24, 48, and 72 h postinfection were the same. We conclude from these experiments that the apical plasma membrane is the major budding site for progeny HPIV-3 virions. Interestingly, a small amount of virus is also released from the basolateral surface, providing interesting implications for viral pathogenesis.
Although the preferential release of virus in the apical (luminal) medium may be associated with localized infection of the respiratory tract, the small proportion of basolaterally (systemic circulation) released virus may represent the mechanism involved in the development of systemic infection and viremia associated with immunosupressed children. In fact, such immunodeficient children undergo fatal systemic infection with HPIV-3, and virus was shown to spread systemically to the liver, myocardium, and cerebrospinal fluid (6, 11, 12) . These observations indicate that HPIV-3 can occasionally dissemi- nate from the respiratory tract in humans and infect other visceral organs. In that case our results ( Fig. 2A) suggest that a small proportion of basolaterally released virus, in the absence of innate immune defense, can propagate itself in the systemic circulation to infect non-respiratory-tract cells. Moreover, infection of T lymphocytes with HPIV-3 was shown to be important for immunoregulation of these cells that leads to the failure to induce lifelong immunity against the virus (22) . Since T lymphocytes are selectively localized in the basolateral surfaces of epithelial cells following infiltration from the systemic circulation (3), the basolaterally derived HPIV-3 could also infect T lymphocytes at this site to modulate the immunoregulation mechanism of these cells.
Since our results demonstrated that the apical surface is the primary plasma membrane domain in polarized A549 cells for HPIV-3 binding, internalization, and budding, it was reasonable to assume that the HPIV-3 RNP are confined mainly to the apical surface. To address this issue, we examined mockinfected and HPIV-3-infected A549 cells grown on a filter support by confocal microscopy (Fig. 2B) . HPIV-3-infected A549 cells grown on filter inserts were processed for confocal microscopy 24 h postinfection. Following fixation of the filters with 3.7% formaldehyde and permeabilization with PBS containing 5% fetal calf serum, 5% glycine, and 0.1% Triton X-100, the cells were incubated with rabbit anti-HPIV-3 RNP (1:100 [vol/vol]) prepared as described previously (14) followed by staining with goat anti-rabbit immunoglobulin G conjugated to fluorescein isothiocyanate (1:1,000 [vol/vol]). In order to distinguish between the apical (top) and the basolateral (bottom and lateral) domains of the A549 cell monolayer, Z-section imaging representing the longitudinal cross section of the cell monolayer was carried out by confocal microscopy. Figure 2B shows a Z-section image of mock-infected (left) and HPIV-3-infected (right) A549 cell monolayers labeled with At 24 h postinfection, the culture supernatants collected from the AP and BL chambers were added to CV-1 cells for a plaque assay as described previously (7, 14) . The percent virus release was calculated as a ratio of the number of plaques observed from either the AP or the BL medium/total number of plaques observed, where the total number of plaques was derived by adding the number of plaques observed in both the AP and BL culture supernatants. The results represent the averages of three separately replicated experiments. (B) A549 cells grown on filter inserts were either mock infected (left) or infected with HPIV-3 (MOI, 1) from the apical surface (right). At 24 h postinfection cells labeled with anti-HPIV-3 RNP antibody and goat anti-rabbit fluorescein isothiocyanate were examined by indirect immunofluorescence confocal microscopy. Shown is the Z-section image of the polarized epithelial A549 cells. Dashed line, basement membrane of the monolayer.
anti-HPIV-3 RNP antibody (dashed line, basement membrane). No staining was detected in mock-infected cells (Fig.  2B, left) and intense staining for RNP detected in the infected cells (Fig. 2B, right) was primarily restricted to the apical surface in the presence of a very diffuse RNP staining at the lateral domain. Therefore, the polarized accumulation of HPIV-3 RNP at the apical pole is consistent with the preferential budding of HPIV-3 from the apical plasma membranes ( Fig. 2A ) of A549 cells.
Several studies have reported the importance of two cytoskeletal networks, the actin microfilament and the microtubule, in the binding and internalization of several viruses (10, 17) . In order to examine the role of an intact microfilament and microtubule in the binding and internalization of HPIV-3, A549 cells grown on filter inserts were pretreated with actin microfilament-depolymerizing drug cytochalasin D (15 g/ml) and microtubule-depolymerizing drug nocodazole (20 g/ml) for 12 h before 35 S-HPIV-3 binding (Fig. 3A) and internalization (Fig. 3B ) assays were performed as described for Fig. 1A and B, respectively. Our results indicate that an intact actin microfilament and microtubule are not necessary for HPIV-3 binding and internalization in A549 cells.
The involvement of the cytoskeleton network, namely, the microtubule and actin microfilament, in the budding and morphogenesis of several viruses has been reported (18, 19) . In that context, we wanted to study the role of these networks in the budding of HPIV-3. Previous studies have demonstrated that a polymerized actin microfilament is required for viral transcription and replication (8) and that treatment of cells with actin microfilament-disrupting drug cytochalasin D results in intracellular inhibition of viral transcription and replication (14) . Since the simultaneous addition of HPIV-3 and cytochalasin D to cells results in the loss of intracellular viral proteins, it was difficult to study the role of the actin microfilament in HPIV-3 budding. In order to circumvent this problem, we developed an experimental system to study the role of the microfilament in virus budding. A549 cells grown on filter supports infected with HPIV-3 (MOI, 1) from either the apical or basolateral surface for 24 h were treated with cycloheximide (30 g/ml) for 3 h to accumulate an intracellular viral protein pool in the absence of de novo protein synthesis. Following 3 h of incubation with cycloheximide, cells were washed twice with PBS to remove unbound virus and then fresh medium containing cycloheximide in the absence or presence of cytochalasin D (15 g/ml) was added to the cells to examine the assembly and budding of the accumulated viral proteins as infectious virions in the presence of a disrupted actin microfilament network. Following 12 h of treatment with these drugs, both the apical and basolateral culture supernatants were assessed for viral titer by a plaque assay.
To study the role of the microtubule in the budding of HPIV-3, we carried out the experiment in a similar fashion but in the presence of nocodazole (20 g/ml). As shown in Fig. 4A , disruption of the microfilament had no effect on the budding of HPIV-3. Moreover, the polarity of virus budding in cytochalasin-treated cells was intact. In contrast, disruption of the microtubule network by nocodazole led to drastic inhibition of virus release. Moreover, in these experiments, the addition of HPIV-3 from either the apical or basolateral surface rendered similar results with regard to virus budding in the absence or presence of cytochalasin D or nocodazole. During the 15-h incubation period and under identical experimental conditions, cycloheximide treatment alone led to a sixfold reduction in HPIV-3 release compared to that from untreated cells. Thus, these results demonstrated that an intact microtubule, but not a microfilament, is required for HPIV-3 budding to the apical surface.
Although cytochalasin D was shown to inhibit the transcription of HPIV-3 (14) , the effect of nocodazole on HPIV-3 protein synthesis in vivo is not known. In order to examine the effect of nocodazole on HPIV-3 RNP levels in A549 cells, cell lysates from mock-infected A549 cells (Fig. 4B, lane 1 35 S-HPIV-3 binding assays with A549 cells pretreated with either cytochalasin D (15 g/ml) or nocodazole (20 g/ml) for 12 h were performed essentially as described for Fig. 1A. (B) 35 S-HPIV-3 internalization assays with A549 cells pretreated with cytochalasin D (15 g/ml) or nocodazole (20 g/ml) for 12 h were performed essentially as described for Fig. 1B. subjected to Western blot analysis with an anti-HPIV-3 RNP antibody as described previously (14) . As expected cytochalasin D treatment led to a dramatic decrease in RNP levels, whereas nocodazole treatment had no effect on RNP levels. These results suggest that, although an intact microtubule is not required for viral transcription or replication, it is required for budding and morphogenesis of HPIV-3. Interestingly, vectorial targeting of the plasma membrane and secretory proteins to the apical surfaces of polarized epithelial cells was indeed shown to be dependent on an intact microtubule network (16) .
Future studies will dissect the molecular mechanism(s) involved in the polarized infection of epithelial cells by HPIV-3.
